Light-emitting diodes (LEDs), which convert electricity to light, are widely used in modern society-for example, in lighting, flat-panel displays, medical devices and many other situations. Generally, the efficiency of LEDs is limited by nonradiative recombination (whereby charge carriers recombine without releasing photons) and light trapping [1] [2] [3] . In planar LEDs, such as organic LEDs, around 70 to 80 per cent of the light generated from the emitters is trapped in the device 4, 5 , leaving considerable opportunity for improvements in efficiency. Many methods, including the use of diffraction gratings, low-index grids and buckling patterns, have been used to extract the light trapped in LEDs [6] [7] [8] [9] . However, these methods usually involve complicated fabrication processes and can distort the light-output spectrum and directionality 6, 7 . Here we demonstrate efficient and high-brightness electroluminescence from solution-processed perovskites that spontaneously form submicrometre-scale structures, which can efficiently extract light from the device and retain wavelength-and viewing-angle-independent electroluminescence. These perovskites are formed simply by introducing amino-acid additives into the perovskite precursor solutions. Moreover, the additives can effectively passivate perovskite surface defects and reduce nonradiative recombination. Perovskite LEDs with a peak external quantum efficiency of 20.7 per cent (at a current density of 18 milliamperes per square centimetre) and an energy-conversion efficiency of 12 per cent (at a high current density of 100 milliamperes per square centimetre) can be achieved-values that approach those of the best-performing organic LEDs.
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Organometal halide perovskites are promising light-emitting materials for solution-processed LED applications because of their high photoluminescence quantum efficiency (PLQE), good charge mobility and excellent colour purity [10] [11] [12] . In order to achieve high-efficiency perovskite LEDs, extensive efforts have been made to reduce the nonradiative recombination and improve the PLQE [13] [14] [15] . So far, the PLQE of perovskite film has reached as much as 70%, but the peak external quantum efficiency (EQE) of the device electroluminescence is still less than 15% [15] [16] [17] . Studies of device physics have shown that, in principle, charge balance is not a limiting factor for the perovskite LED 17 . Therefore, the main loss of efficiency must be due to light trapping-a general efficiency-limiting factor in most types of LEDs. In perovskite LEDs, light trapping could be more serious than in organic LEDs, because the refractive index of perovskites is much higher than those of organic materials 18 .
Here we demonstrate effective extraction of trapped light from perovskite LEDs by a spontaneously formed perovskite submicrometre-scale structure. The fabrication process is shown schematically in Fig. 1a . A precursor solution of 5-aminovaleric acid (5AVA), formamidinium iodide (FAI) and PbI 2 with a molar ratio of 0.7/2.4/1 dissolved in N,N-dimethylformamide (DMF; 7 wt.%) was used to deposit perovskite films, which were annealed at 100 °C for 16 min (see Methods for details) before depositing the top charge-transport layer. The device structure is indium tin oxide (ITO)/polyethylenimine ethoxylated (PEIE)-modified zinc oxide (ZnO; thickness 30 nm)/ perovskite (around 50 nm)/poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)diphenylamine) (TFB; 40 nm)/molybdenum oxide (MoO x ; 7 nm)/gold (Au; 60 nm). A cross-sectional scanning transmission electron microscope (STEM) image (Fig. 1b) shows the formation of discrete submicrometre-structured perovskites in the emitting layer. Scanning electron microscope (SEM) observations (Fig. 1c) further show that the perovskites are faceted platelets with roughly rectangular shapes. The platelets are randomly tiled on the substrate, and the size of the platelets is between 100 nm and 500 nm. Optical microscope, SEM and atomic force microscopy (AFM) images of different magnifications show that the submicrometre structure is homogeneously distributed on the whole substrate (Extended Data Fig. 1 ). We note that the perovskite submicron platelets are formed directly through spin-coating the precursor solution, unlike in widely reported methods where organic ligands are used to synthesize perovskite nanocrystals 19, 20 . High-angle annular dark-field (HAADF)-STEM tomography observations show that the perovskite submicrometre platelets are embedded in a roughly 8-nm-thick organic layer. In order to avoid possible interference of the TFB layer during the STEM measurement, we prepared a sample by depositing a gold layer directly on top of the ZnO-PEIE/ perovskite. A cross-section STEM tomography reconstruction from a series of images of a tilted sample (Fig. 1d) shows a single layer of perovskite submicrometre platelets distributed on top of the ZnO-PEIE layer, consistent with Fig. 1b. Figure 1e is a STEM tomography image at higher magnification. The contrast seen in this image suggests the existence of a thin layer in which atoms of low atomic number fill in the gaps between the perovskite platelets. Associated energy-dispersive X-ray spectroscopy (EDS) measurements show that carbon, but not lead, has accumulated in the thin layer (which is around 8 nm thick) (Fig. 1f, g ). Therefore, we can conclude that there is a thin organic layer filling in the gaps between the perovskite platelets, and that no organic layer can be observed underneath or above the perovskite submicrometre platelets (Fig. 1e-g ).
We next investigated how this submicrometre-scale structure is formed. After the 5AVA-perovskite precursor solution has been Letter reSeArCH spin-coated onto the ZnO-PEIE substrate, X-ray diffraction (XRD) measurements show the formation of α-phase crystalline FAPbI 3 perovskite (Extended Data Fig. 2) . By using Scherrer's equation, we can estimate the size of crystallites to be around 40 nm, which is consistent with the SEM observations (Extended Data Fig. 2 ). Upon annealing, the perovskite crystallites grow and become submicrometre-sized platelets. Meanwhile, the temporal evolution of grazing-angle reflectance Fourier transform infrared spectroscopy (FTIR) spectra (Extended Data Fig. 3 ) shows that the O-H stretching vibration of 5AVA decreases while the peaks of amide I and amide II become evident as the annealing time increases. This result suggests that 5AVA undergoes a dehydration reaction on top of the ZnO-PEIE, leading to the formation of an organic layer between the perovskite submicrometre platelets. We believe that the thin organic insulating layer resulting from the dehydration reaction of 5AVA can prevent LED leakage currents caused by low coverage of the perovskite layer 21 . The concave-convex structure formed by high-index perovskite and low-index organics (together with the subsequently deposited TFB layer) can extract wide-angle light trapped in the waveguide modes, which is often achieved by embedding insulating grids within the organic layers in organic LEDs 8 . As shown in the enlarged view in Fig. 1a , the wide-angle light (ray A) can enter the low-index organic layer and propagate into the glass substrate. Moreover, the formed perovskite submicrometre platelets have a flat top surface and a relatively uniform height distribution, as confirmed by STEM tomography ( Fig. 1d ) and AFM measurements (Fig. 2) . We emphasize that the discrete perovskite platelets can greatly affect the morphology of the subsequently deposited films. The TFB layer has similar spontaneously formed submicrometre structures, which further carry over to the MoO x /Au electrode, resulting in a corrugated metal thin film with a depth of about 30 nm (Fig. 2) . These randomly distributed submicrometre structures can extract light from the waveguide mode in all directions (indicated by rays B and C in Fig. 1a ), and will not introduce any spectrum shift and angular dependence.
To verify the quality of perovskite films with this unique submicrometre structure, we measured their optical properties. The absorption and photoluminescence spectra (Fig. 3a) show features typical of three-dimensional (3D) FAPbI 3 , with absorption until 830 nm Letter reSeArCH and a photoluminescence peak at 800 nm 13 . The photoluminescence spectrum has a line width of 75 meV, which is much narrower than those of reported FAPbI 3 films 13, 22 , indicating a highly ordered structure in our perovskites. XRD data (Fig. 3b) show that the film has good crystallinity with peaks at around 14°, 28°, 42° and 56°, corresponding to the (111), (222), (333) and (444) crystal planes, respectively, of α-phase FAPbI 3 (ref. 23 ). The sharp and strong diffraction peaks suggest that the perovskite submicrometre platelets are highly oriented in the direction perpendicular to the substrate, which is consistent with the SEM measurements (Fig. 1c) . The perovskite film has a high PLQE of up to about 70% (Fig. 3c) , and the PLQE is maintained at a high level of more than 50% at an excitation intensity as low as 0.1 mW cm
. The results of PLQE measurements suggest that trap-assisted nonradiative recombination-which is a general limiting factor in 3D perovskites 10, 12 -is not substantial in our perovskite platelets. Low trap-assisted nonradiative recombination is confirmed by transient photoluminescence decay measurements, which show a very long photoluminescence lifetime (of about 6 μs) at a low carrier density of 3.4 × 10 13 cm −3 ( Fig. 3d ). Transient photoluminescence measurements under various excitation intensities show that a transition from trap-assisted recombination to bimolecular recombination occurs at a carrier density of about 10 13 cm
. By fitting the data using a generic kinetic model ( Fig. 3d ) 24 , we can obtain a trap density of 1.5 × 10 13 cm
. Notably, this value is more than one order of magnitude lower than that of previously reported FAPbI 3 perovskite films (more than 9 × 10 14 cm
. Extended Data Fig. 4 shows that, without 5AVA in the precursor solution, irregular perovskite clusters are formed with poor crystallinity, strong trap-assisted recombination and very low Normalized photoluminescence intensity (a.u.)
Time (μs) c, Excitation-intensity-dependent PLQE results show a high PLQE of up to 70%; the PLQE is greater than 50% even when the excitation energy is as low as 0.1 mW cm −2 , suggesting low trap-assisted nonradiative recombination. d, Time-resolved photoluminescence decay transients of submicrometre-structured perovskite under different excitation intensities. Solid lines are fits from the generic kinetic model 24 , and a low trap density of 1.5 × 10 13 cm −3 can be obtained.
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PLQEs at low excitation intensities. These findings indicate that 5AVA has the important role of passivating surface defects and enhancing the emission properties of perovskites. We note that a similar effect has previously been observed [26] [27] [28] [29] . These analyses suggest that our submicrometre-scale crystalline perovskites have great potential for realizing high-efficiency LED devices. The current-density/radiance/voltage characteristics of LEDs based on the structured perovskites are shown in Fig. 4a . Owing to the good charge mobility of 3D perovskites (in comparison with organic emitters) and efficient charge injection, the current density and radiance increase quickly once the device turns on at 1.25 V, yielding a high brightness of up to 390 W sr −1 m −2 at a low voltage of 3.7 V. The device current is low before the electroluminescence turns on, indicating that the leakage current is not important in our LED devices, and further suggesting that the insulator layer between the perovskite submicrometre platelets is pinhole free. The peak EQE reaches 20.7% at a current density of 18 mA cm −2 (Fig. 4b) , representing a record efficiency for perovskite LEDs. The brightness at the peak EQE is 18.4 W sr
(corresponding to a photon flux of 2.33 × 10 20 m −2 s −1 ), which is at least one order of magnitude higher than that of state-of-the-art organic LEDs (Extended Data Table 1 ). Owing to the low operation voltage and low EQE roll-off, the peak energy conversion efficiency (ECE, or wall-plug efficiency) reaches 18.6% at a current density of around 10 mA cm −2 and is maintained at 12.0% at a high current density of 100 mA cm . Notably, the ECE at the current density of 100 mA cm −2 is much higher than that of the best-performing organic LEDs (Extended Data Table 1 ). An EQE histogram for 100 devices shows an average EQE of 19.2%, with a low relative standard deviation of 4% (Fig. 4c) , indicating that the device performance is highly reproducible. The electroluminescence peak is located at 803 nm, consistent with the photoluminescence emission peak. The electroluminescence spectra do not vary at different viewing angles (Fig. 4d) , and the angular emission intensity of our perovskite LEDs follows a Lambertian profile (Fig. 4e) . These findings indicate that the randomly distributed submicrometre structure does not introduce a periodic grating effect. In addition, devices with a simple glass-epoxy encapsulation exhibit a half-lifetime (T 50 , defined as the time taken for the EQE to drop to half of its initial value) of 20 h at the high constant current density of 100 mA cm −2 (Fig. 4f) . This good stability can be attributed partially to the passivation effect of 5AVA, which can result in similar stability-enhancement effects in perovskite solar cells 26, 27 . Moreover, we believe that the high ECE is beneficial to the perovskite stability, because less thermal energy is generated. We note that the T 50 of 20 h at 100 mA cm −2 is also comparable with those of state-of-the-art nearinfrared organic LEDs 30 .
Considering that the PLQE of the perovskite layer is 70%, we suggest that the remarkable EQE of the electroluminescence is largely due to the enhanced light outcoupling efficiency of the spontaneously formed submicrometre structures shown in Figs. 1 and 2 . To evaluate the enhancement factor of light outcoupling, we performed 3D finite-difference-time-domain (3D-FDTD) simulations (see Methods for details). The results show that a reference device with a continuous and flat emitting layer has an outcoupling efficiency of 21.8%. The outcoupling efficiency of a device with submicrometre structures reaches about 30% (Extended Data Fig. 5 ), which is consistent with the high EQE obtained in our devices. We also characterized our LED device under low temperatures, where the nonradiative recombination can be suppressed as the trap states are frozen out 24 . In this case, we can assume that the internal quantum efficiency of the LED device reaches nearly 100%, and the measured EQE is the outcoupling efficiency of the LED devices. Extended Data Fig. 6 shows that the device EQE increases with decreasing temperature and reaches 30% at 6 K, which is consistent with our 3D-FDTD simulation results.
We highlight that the device performance depends on several processing conditions, such as the ratio of 5AVA to FAI and PbI 2 (Extended Data Fig. 4 ) and the concentration of the precursor solution (Extended Data Figs. 7, 8 ). As discussed above, the PLQEs of the perovskite films can be improved by adding 5AVA into the precursor solutions. The formation of the submicrometre structure can also be affected by the ratio of 5AVA and the concentration of the precursor solution. After adding 5AVA, faceted perovskite platelets with submicrometre structure gradually form (Extended Data Fig. 4) . Meanwhile, the PLQE and photoluminescence lifetime are greatly improved owing to a reduced defect density, leading to enhanced device efficiency (Extended Data  Fig. 4 ). With more concentrated precursor solutions, there is a tendency to form larger crystallites as well as thicker and higher-surface-coverage films, which can greatly affect the leakage current, turn-on voltage, radiance and light outcoupling (Extended Data Fig. 7) . When a solution of lower concentration is used, the devices show larger leakage current and lower EQEs. With thicker perovskite films, the devices become less conductive, which increases the turn-on voltage and reduces the brightness. Our current-processing parameters represent optimized conditions, which lead to perovskite films with a combination of high PLQE, low leakage current and preferred submicrometre structures. 
We think that the PLQE and outcoupling efficiency could be enhanced further by using more effective additives to suppress the nonradiative recombination, and more optimized processing to control the submicrometre structure. Interestingly, conventional 3D perovskites are usually very sensitive to the fabrication process, but our device can maintain an average peak EQE of more than 18% with an annealing time of between 14 min and 20 min (Extended Data Fig. 2) , showing that this solution-processing protocol has a relatively wide processing window.
We have also found that adding amino acids into the precursor solution is a general strategy for growing high-quality FAPbI 3 perovskites with submicrometre structure. Amino acids of different chain lengths-6-aminocaproic acid (6ACA) and 7-aminoheptanoic acid (7AHA)-have similar effects to 5AVA in achieving high-efficiency perovskite LEDs (Extended Data Fig. 9) . After 6ACA or 7AHA is added to the precursor solution, the resulting films have morphologies and PLQEs analogous to those of films containing 5AVA. Without extensive optimization, the LEDs processed from precursor solutions with 6ACA or 7AHA also exhibit good peak EQEs of 18.2% and 17.3%, respectively.
It has been demonstrated that the EQEs of planar-type LEDs can be enhanced by improving the light outcoupling. However, traditionally this requires complex fabrication processes, and it is difficult to maintain a consistent emission spectrum at different viewing angles. Remarkably, these limitations can be avoided in perovskite LEDs by using the simple strategy described here, at little extra cost of fabrication. The resulting peak EQE of our perovskite LED approaches those of the best-performing organic LEDs. In contrast to LEDs based on group III-V semiconductors, in organic LEDs processed at low temperatures it is difficult to maintain high ECEs at high current densities, owing to their excitonic nature and low charge mobilities 
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MEthods
Device fabrication. ZnO nanocrystals were spin-coated onto ITO-coated glass substrates, forming the electron-transport layer. Then an ultrathin PEIE layer was fabricated onto the ZnO layer to decrease the work function and improve the wetting property of ZnO 12, 13, 31 . A precursor perovskite solution was prepared by dissolving 5AVA, FAI and PbI 2 with different molar ratios and concentrations in dimethylformamide (DMF), and stirring at 60 °C for 2 h in a nitrogen-filled glovebox. A perovskite precursor containing 6ACA (or 7AHA) was prepared by dissolving 6ACA (or 7AHA), FAI and PbI 2 with a molar ratio of 0.7/2.4/1 in DMF. Next, the perovskite films were prepared by spin-coating the precursor solution onto the PEIE-treated ZnO films and annealing them at 100 °C. TFB was spincoated onto the perovskite film, forming the hole-transport layer. Finally, an MoO x / Au electrode was thermally evaporated through a shadow mask, defining the device area of 3 mm 2 . Device characterization. We tested the perovskite LEDs on top of an integration sphere at room temperature in a nitrogen-filled glovebox, in which only forward light emission can be collected 2, 32 . We measured the devices from zero bias to forward bias at a rate of 0.05 V s −1 , and recorded the data with the first scan without pre-bias. We carried out low-temperature characterizations of the LEDs in a cryostat (Oxford Instruments NanoScience, OptistatAC-V12W). The stability of the devices was measured in air with simple glass-epoxy encapsulation. We measured the angular dependence of emission intensity and spectra using a Thorlabs PDA100A detector and QE65 Pro spectrometer, respectively. Three sets of perovskite LEDs from the same batch were cross-checked at Nanjing Tech University, the University of Cambridge (Optoelectronics Group) and Zhejiang University (Y. Jin group), and the results are consistent (Extended Data Table 2 ). Film characterizations. We collected STEM images of cross-sectional devices on a FEI Titan G2 80-200 ChemiSTEM operated at 200 keV. We used the FEI Talos analytical FEG scanning transmission electron microscope, which includes the Super-X energy-dispersive X-ray spectroscopy (EDS) system with four silicon drift detectors for superior sensitivity and mapping capabilities. We acquired images every 2° in the range −150° to +150° to avoid a missing-wedge effect, with an 80-keV high voltage and 200-pA incident beam current to avoid beam damage. Visualization and reconstruction was done using FEI Inspect 3D and Avizo software. We obtained SEM images of perovskite films with a JEOL5 JSM-7800F SEM. The surface morphology of different layers was collected by AFM (Bruker, Dimension ICON).
We used an ultraviolet/visible spectrophotometer with an integrating sphere (PerkinElmer, Lambda 950) to measure the absorbance spectra. Photoluminescence spectra were measured using a QE65 Pro spectrometer and a 445-nm continuous-wave laser as an excitation source. Time-resolved photoluminescence measurements were performed with an Edinburgh Instruments spectrometer (FLS980), having excited the perovskite films with a 633-nm pulsed laser of various intensities. We measured the PLQE of perovskite films by combining a continuous-wave laser, optical fibre, spectrometer and integrating sphere 33 . We collected XRD data using a Bruker D8 Advance. Grazing-angle FTIR spectra were performed with a Thermo Fisher IS50 equipped with a Smart SAGA reflectance accessory. The samples were prepared on Au-coated quartz substrates. Simulations. We analysed the spatial frequency spectrum of the randomly distributed perovskite map of a real device by using a two-dimensional fast Fourier transform (FFT). The range P range is given as P 1 -P 2 , corresponding to the major spatial frequency components. 3D-FDTD (Lumerical Solutions) simulations were carried out for the regular periodic devices with a cycle P (l e = P/2, where l e is the length of the perovskite platelets) to estimate the outcoupling efficiency, η FDTD (P). Then the average value of the calculated efficiency η FDTD (P 1 ), η FDTD (P 1 + 1 nm), … η FDTD (P 2 ) was used to evaluate the outcoupling efficiency of the real device (with a wideband spatial frequency spectrum). The error corresponds to the standard deviation.
The SEM data were imported and a picture with N × N pixels was obtained, which was then discretized as the function:
where x, y = a, 2a…, Na, and a is the pixel size. The spatial frequency spectrum:
was obtained by using FFT (Extended Data Fig. 5c ). For example, we can obtain a discretized picture with 1,001 × 1,001 pixels and a = 3.57 nm (Extended Data  Fig. 5b ). The major peaks of |F(U x , U y )| are found in the range r 1 ·(2π/a) ≤ |U x |, |U y | ≤ r 2 ·(2π/a) (r 1 = 3.52 × 10 −3 and r 2 = 9.83 × 10 −3 , as labelled with white squares in Extended Data Fig. 5c ). Then P range can be established as 363-1,015 nm (P 1 = a/r 2 , P 2 = a/r 1 ), resulting in an outcoupling efficiency of 28.7% ± 2.6% when the convex height, h, is 30 nm.
For the 3D-FDTD simulations, we used a window of 7 μm × 7 μm × 0.45 μm, and applied localized refined meshes (Δx, Δy and Δz). We chose Δx = Δy = Δz = 2 nm in the dipole source area, and Δz = 1 nm in the convex structures. In order to simulate the incoherent isotropic light-generation process, we did simulations thrice by choosing different source polarizations for the dipole source. The near field at the glass-ITO interface was then used to calculate the outcoupled far field in air by using Lumerical's far field analysis group, in which the air-glass interface was taken into consideration. We measured the refractive indices of Au, MoO x , TFB, perovskite and ZnO with an ellipsometer (KLA Tencor, P-7), and took the refractive indices of ITO and glass from the literature 34, 35 . To obtain the optical constants of perovskite in the simulation, we prepared a continuous FAPbI 3 film for the ellipsometer measurement, and fitted the measurement result using the dispersion laws of the Tauc-Lorentz model, the Gauss model and two sets of Lorentz oscillators. We ignored the imaginary part of the refractive index of the perovskite in the simulation. We carried out the simulation at a wavelength of 800 nm. For each periodic device, we used 3 × 3 uniform distributed sources in one perovskite cubic in separate simulations. Dividing the average outcoupling power by the average source power obtained from all the simulations (varying the locations and polarizations of sources), we obtained the theoretical outcoupling efficiency of the device.
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